Background/Aims: Glioblastoma (GBM) is a malignant brain tumor with a poor prognosis. Proteasome subunit beta type-4 (PSMB4) is an essential subunit that contributes to the assembly of the 20S proteasome complex. However, the role of PSMB4 in glioblastomas remains to be clarified. The aim of this study was to investigate the role of PSMB4 in GBM tumor progression. Methods: We first analyzed the PSMB4 protein and mRNA expression in 80 clinical brain specimens and 77 datasets from the National Center for Biotechnology Information (NCBI) Gene Expression Omnibus (GEO) database. Next, we inhibited the PSMB4 expression by siRNA in cellular and animal models to explore PSMB4's underlying mechanisms. The cell survival after siPSMB4 transfection was assayed by MTT assay. Annexin V and propidium iodide staining was used to monitor the apoptosis by flow cytometric analysis. Moreover, the migration and invasion were evaluated by wound healing and Transwell assays. The expression of migration-related and invasion-related proteins after PSMB4 inhibition was detected by Western blotting. In addition, an orthotropic xenograft mouse model was used to assay the effect of PSMB4 knockdown in the in vivo study. Results: Basis on the results of bioinformatics study, glioma patients with higher PSMB4 expression had a shorter survival time than those with lower PSMB4 expression. The staining of clinical brain tissues showed elevated PSMB4 expression in GBM tissues compared with normal brain tissues. The PSMB4 inhibition decreased proliferation, migration and invasion abilities in human GBM cells. Downregulated PSMB4 resulted in cell cycle arrest and apoptosis in vitro. In an orthotropic xenograft mouse model, the glioma tumors progression was reduced when PSMB4 was down-regulated. The In addition, the absence of PSMB4 decreased the expression of phosphorylated focal adhesion kinase and matrix metallopeptidase 9 in vivo. Conclusion: PSMB4 inhibition in combination with TMZ may exert an anti-tumor effect by decreasing cell proliferation and invasion as well as by promoting apoptosis in human glioblastoma cells. This research may improve the therapeutic efficacy of glioblastoma treatment.
Interference with PSMB4 Expression Exerts an Anti-Tumor Effect by Decreasing the Invasion and Proliferation of Human Glioblastoma Cells
Yu-Chen Cheng Glioblastoma, also known as glioblastoma multiforme (GBM), is the most lethal primary brain cancer in humans [1] . According to the World Health Organization (WHO) grading system, GBM is classified as a grade IV astrocytoma composed of poorly differentiated neoplastic astrocytes that exhibit aggressive proliferation and invasive properties [1, 2] . Because more than 90% of brain tumor patients die within 3 months after an untreatable diagnosis, it is difficult to define which factors are in connection with tumor growth [3] . To date, the median survival of glioblastoma patients remains less than 15 months, and the 5-year relative survival rate is still less than 5% [4] [5] [6] . Therefore, identifying the critical oncogenes and underlying mechanism involved in brain tumor growth is an extremely important task for GBM treatment.
Proteasome subunit beta type-4 (PSMB4), also known as 20S proteasome subunit beta-7, is one of the essential subunits that contributes to the complete assembly of the 20S proteasome complex [7] . PSMB4 is highly expressed in multiple cancer types, such as myeloma [8] , hepatocellular carcinoma [9] , ovarian cancer [10] and prostate cancer [11] . In epithelial ovarian cancer, PSMB4 expression is higher than that in normal ovary tissues and is positively related to poor prognosis and clinical pathologic variables [10] . PSMB4 expression not only enhances the lung cancer cell survival rate but also significantly facilitates tumor growth in NIH/3T3 tumor-bearing mice [12] . In recent studies using pharmacological inhibition and RNA interference, PSMB4 has been found to significantly enhance survival of the T98G glioma cell line [13] . Thus, the performance of PSMB4 in glioma may be related to tumor progress.
The aim of this study was to identify the role of PSMB4 in GBM progression. A search of National Center for Biotechnology Information (NCBI) Gene Expression Omnibus (GEO) database revealed higher expression of PSMB4 mRNA and a shorter survival time in highgrade gliomas than in low-grade gliomas. The results of immunohistochemical (IHC) staining of a clinical brain tissue microarray indicated increased PSMB4 expression in high-grade gliomas, thus suggesting that PSMB4 expression correlates with poor prognosis in highgrade gliomas. We further blocked PSMB4 in GBM cells via siRNA transfection and examined the anti-tumor effects both in vitro and in vivo. The PSMB4 deficiency greatly limited the migration and invasion ability of human GBM cells. The tumor size also substantially decreased with decreased PSMB4 expression in an orthotopic xenograft animal model. Moreover, the absence of PSMB4 strongly decreased glioma tumor invasion by decreasing the expression of phosphorylated focal adhesion kinase (p-FAK) and matrix metallopeptidase 9 (MMP-9). In summary, the 26S proteasomal subunit PSMB4 is involved in GBM progression and may potentially serve as an adjuvant therapeutic target in glioma treatment.
Materials and Methods

Analysis of human glioma datasets from the GEO database
The genomic data sets obtained from the NCBI GEO database were analyzed with methodology developed by Dr. Hueng and colleagues [14, 15] . Briefly, 100 sets of de-linked data (GDS1815/202243_s_ at) on PSMB4 mRNA expression, age, pathologic grading of primary glioma and overall survival time were obtained from http://www.ncbi.nlm.nih.gov/geo/tools/profileGraph.cgi?ID=GDS1815:202243_s_at.
Drugs
The 2.3.3-[4, 5-dimethylthiazol-2-yl]-2, 5-diphenyltetrazolium bromide (MTT), propidium iodide (PI) and MG132 used in this study were obtained from Sigma-Aldrich (Sigma). Temozolomide (TMZ) was purchased from MedChem Express (MCE).
siRNA Transfection
The human LN229 and U87MG glioblastoma cell lines were transfected with 50 nM of the following Pre-designed siRNA Products (Ambion) targeting the region of the PSMB4 mRNA (siRNA: 5'-AACCCUUUGUGGAACACCA-3'；5'-UGGUGUUCCACAAAGGGUU-3') or control siRNA via the RNAi-MAX Lipofectamine reagent (Invitrogen). The medium was replaced with DMEM containing 10% fetal bovine serum after 24 h transfection, then culture for an additional 24, 48, 72 and 96 h before subsequent experiments.
Cell survival assay LN229 and U87MG glioblastoma cells were cultured at 2 × 10 4 cells per well in a 24-well plate. Different concentrations of drugs or vehicle control were then added to the culture medium for 24 hours. After the cells were washed with phosphate-buffered saline (PBS) (137 mM NaCl, 2.7 mM KCl, 1.5 mM KH 2 PO 4 , 8 mM Na 2 HPO 4 , and pH 7.4), 0.5 mg/ml of MTT was added, and incubation was continued for another 4 hours. The cells were then lysed with DMSO (Sigma). The absorbance at 590 nm was measured.
Cell migration assays
Cell migration was assayed via Transwell and wound healing assays. The wound-healing migration assay was prepared by seeding 1×10 6 U87MG or LN229 glioma cells in the 3.5-cm cultured dish to form a monolayer. The cells were then cultured for 16 h after being scratched with a P200 pipette tip and photographed, and the migration ability results were representative of three different experiments and were analyzed with ImageJ. The Transwell migration assay was prepared by seeding 8×10 4 LN229 or U87MG glioma cells in the upper chamber of a Transwell (Costar). After incubation at 37℃ for 16 hrs, the cells on the lower side were fixed with formalin and stained with Coomassie Brilliant Blue G250 (Sigma). The migrated cells were counted in three randomly selected fields from each membrane three times per group in each experiment.
Cell invasion assay
The Transwell invasion assay was prepared by seeding 4×10 4 U87MG or LN229 glioma cells in the upper chamber of a Transwell. Before cell seeding, 0.5% Matrigel in a coating buffer solution (BD) was added to the upper chamber and then incubated at 37°C for 16 hrs. The cells on the lower side were fixed with formalin and were stained with Coomassie Brilliant Blue G250. The invaded cells were counted in three randomly selected fields from each membrane three times per group in each experiment.
Flow cytometric analysis
The cell cycle and apoptosis assays were prepared by seeding 2×10 5 LN229 or U87MG glioma cells in 6-well plates. After cell attachment, siRNA transfection was applied for 96 hours. For cell cycle assays, cells were fixed and stained with PI. For apoptosis assays, cells were harvested and processed for Annexin V staining according to the manufacturer's instructions (Biovision). The cells were washed with binding buffer [4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, 140 mmol/l NaCl, and 5 mmol/l CaCl 2 at pH 7.4] and stained with anti-Annexin V antibody and then counterstained with PI at room temperature. The results were measured using a FACSVerse laser flow cytometric analysis system (Becton Dickinson). Ten thousand cells were analyzed for each sample.
Real-time polymerase chain reaction analysis
Total RNA was reverse transcribed to cDNA with a Reverse Transcription kit (Invitrogen). The Applied Biosystems 7500 Fast Real-Time PCR System was used to quantify mRNA with SYBR Green ER TM SuperMix Universal (Invitrogen) according to the protocol provided by the manufacturer. The following oligonucleotide primers were used for real-time polymerase chain reaction (forward/reverse sequences): PSMB4 (5' ACTGGTTATGGTGCATACTTG/TTGTAAGAACGGGCATCTC'), MMP-2 (5'CTTCCAAGTCTGGAGCGATGT/ TACCGTCAAAGGGGTATCCAT3'), MMP-9 (5'GGGACGCAGACATCGTCATC/TCGTCATCGTCGAAATGGGC3') and GAPDH (5' AGCCACATCGCTCAGACACC/GTACTCAGAGGCCAGCATCG3'). The GAPDH gene was used as an endogenous control.
Western blotting
After the various treatments, the glioma cells were homogenized in lysis buffer (10 mM EGTA, 2 mM MgCl 2 , 60 mM PIPES, 25 mM HEPES, 0.15% Triton X-100, 1 μg/ml of pepstatin A, 1 μg/ml of leupeptin, 1 mM NaF, and 1 mM phenylmethylsulfonyl fluoride). Protein samples (60 μg per lane) were electrophoresed on a 10% SDS polyacrylamide gel and then transferred to a nitrocellulose membrane (Bio-Rad). Strips from the membrane were blocked with 5% non-fat milk in Tris-buffered saline, pH 7.4, containing 0.1% Tween (TBS-Tween) and were incubated overnight at 4 °C with a 1:500 dilution of mouse antibodies against human phosphorylated FAK (p-FAK), FAK, phosphorylated paxillin, paxillin, integrin β1 and integrin β3 (Abcam) or a rabbit antibody against human PSMB4 antibody (Abcam), matrix metallopeptidase 2 (MMP-2), MMP-9, GAPDH (BioVision) and Ki67 (Genetex). After being washed, the strips were incubated with a 1:5000 dilution of HRP-conjugated anti-rabbit or anti-mouse IgG antibodies (Promega). Next, the blots were reacted in the ECL substrate developing solution (Bio-Rad). The density of the bands on the nitrocellulose membrane was quantified by densitometry using Gel Pro 3.1 (Media Cybernetics), taking the density of the control sample as 100% and expressing the density of the test sample relative to the expression of the internal control as a relative value. Phosphorylated proteins were normalized to the total protein first.
Animal xenograft model
All mouse experiments were approved by the laboratory animal center of National Defense Medical Center, Taiwan (IACUC No. . BALB/cAnN.Cg-Foxn1nu/CrlNarl nude mice (20-25 g) were anesthetized with O 2 /isoflurane mixture. Next, 10 5 LN229-Luc2 cells with knockdown of PSMB4 or a scrambled control were implanted into the right cerebral hemisphere of the mice. Five days after implantation, the mice were assigned to four groups that received vehicle control (n=4), TMZ (n=4), siPSMB4 (n=5), or siPSMB4+TMZ (n=5) treatments. TMZ was administered via oral gavage at 5 mg/kg/day for 7 days. Animals were euthanized using CO 2 after 12 days, brains were fixed in formalin then embedded in paraffin, and serial sections. The bioluminescence intensity of the implanted tumors was monitored with a non-invasive In vivo Imaging System (IVIS) three times per week. The body weights of the mice were measured three times per week.
Histological and immunohistochemistry examination
Orthotopic tumors were excised, rinsed twice in PBS and fixed in 4% paraformaldehyde. Tissues were frozen and sliced into 5-μm-thick sections. Routine hematoxylin and eosin (HE) staining was performed to facilitate histological evaluation. The expression of Ki-67, p-FAK and MMP9 in the brain tumors of the nude mice was detected by IHC. Ki-67 (Genetex), p-FAK and MMP9 (Abcam) primary antibodies and secondary goat anti-rabbit antibodies (Jackson Laboratories) were used. The expression of Ki-67, p-FAK and MMP9 was observed in 10 random fields for each group. estimated with both WHO grade III and grade IV human glioma groups. The cut-off value of PSMB4 expression was based on the conditional inference tree via 'party' package with R language (R 3.1.2 software). All experiments were performed at least three times, and the results are expressed as the means ± SEM for the total number of experiments. Differences between means were assessed using the KruskalWallis test. The Mann-Whitney test was used for post-hoc analysis. Statistical significance was set at p<0.05.
Results
The increase in PSMB4 mRNA and protein expression is correlated with poor survival time in human high-grade gliomas To investigate the role of PSMB4 in human glioma, the genomic data sets from the GEO database were used to analyze the correlation of the PSMB4 expression with overall survival in human high-grade gliomas. As shown in Fig. 1A and 1B, the survival time of 77 high-grade glioma patients revealed that patients with low PSMB4 mRNA expression (n = 50) had better overall survival than those with high PSMB4 mRNA expression (n = 27) (P = 0.0005, by log-rank test; 95% CI: 1.620-4.959, ratio 2.167, cut-off value set at 2384.9). The median survival times for the high-versus low-PSMB4 expression groups were 62 weeks and 124 weeks, respectively. In addition, IHC staining of human glioma tissue and normal brain tissue microarrays was conducted (Fig. 1C) (Fig. 1D, Table 1 ). These data demonstrated that high PSMB4 mRNA and protein expression were correlated with poor prognosis in human gliomas. Fig. 2A) . Before examination of the effects of PSMB4, the role of proteasome activity in cell viability was first identified by the MTT assay. After treatment with the proteasome inhibitor MG132 for 24 hours, the cell survival rates of LN229 and U87MG cells were unaffected until the concentration was greater than 200 nM (Fig. 2B) . Apart from cell survival, cell migration was assessed through wound healing and the Transwell migration assays. As shown in Fig. 2C and 2D, the cell migration ability of LN229 and U87MG decreased significantly in the presence of 100 nM MG132 treatment compared with control treatment.
Proteasome inhibitor
treatment decreases cell migration in human glioblastoma cells Compared with different glioblastoma cell lines, LN229 showed significantly higher expression of PSMB4 (
Decreased expression of PSMB4 decreases cell survival and proliferation in human glioblastoma cells
After transfection with the siRNA of PSMB4, the mRNA expression of PSMB4 was significantly decreased in LN229 and U87MG cells (Fig. 3A) . In addition, the PSMB4 protein expression of LN229 and U87MG cells with siPSMB4 transfection showed a marked decrease after 48 hours. Moreover, after downregulation of PSMB4 for 96 hours, Ki67 expression was reduced in LN229 and U87MG cells (Fig. 3B) . After decreased expression of PSMB4 for 72 and 96 hours, the survival rate notably declined in the siPSMB4 group compared with the control group (Fig. 3C) .
Downregulation of PSMB4 arrests the cell cycle and induces apoptosis in human glioblastoma cells
To assess the cell cycle regulatory mechanisms of PSMB4 in cell growth inhibition, the PSMB4 expression of LN229 and U87MG cells was decreased by siRNA for 96 hours. As shown in Fig. 3D and Fig. 4A , downregulated PSMB4 expression resulted in decreased levels of G0/ G1 population and increased the cell population at the sub-G1 phase in both LN229 and U87MG cells. Moreover, Annexin V and PI staining showed that the long-term inhibition of PSMB4 protein expression promoted apoptosis in LN229 and U87MG cells (Fig.  4B-C) . This finding suggested that PSMB4 is involved in the decreased survival in glioma cells, and the constant deficiency in PSMB4 expression leads to apoptosis in LN229 and U87MG cells.
Knockdown of PSMB4 decreases the migration and invasion in human glioblastoma cells
The migration and invasion abilities of PSMB4 knockdown human glioblastoma cells were assessed via wound healing and Transwell assays in LN229 and U87MG cells. Decreased PSMB4 reduced the migration ability of LN229 and U87MG cells to 36% and 68% respectively, as compared with the control group, in the wound healing assay (Fig. 5A ). In the Transwell migration assay, downregulated PSMB4 protein expression also markedly decreased the migration ability, by over 84% in LN229 cells and 35% in U87MG cells compared with that in the control group (Fig. 5B) . In addition, the invasion ability of LN229 and U87MG cells was also significantly decreased by 80% and 30%, respectively, as compared with the control group, after PSMB4 knockdown (Fig. 5C) .
PSMB4 regulates the expression of adhesion-related and invasion-related proteins in human glioblastoma cells
To explore the mechanism underlying PSMB4's regulation of adhesion and invasion, the expression of adhesion-related and invasion-related proteins in LN229 cells with PSMB4 deficiency were measured. After compressing PSMB4 performance, the expres- 
Cellular Physiology and Biochemistry
Cellular Physiology and Biochemistry sion of p-FAK, p-paxillin, integrin β1 and integrin β3 were decreased (Fig. 6A) . In addition, the invasion-related proteins, including MMP2, MMP9 and cathepsin B, were also decreased after the deficiency of PSMB4 (Fig. 6B) . These results proved that the lack of PSMB4 decreased the adhesion-related and invasion-related proteins in LN229, thus potentially decreasing the adhesion and invasion abilities of human glioblastoma cells.
The effect of inhibiting PSMB4 expression in orthotropic human glioblastoma xenograft mouse models
Before intracranial implantation, LN229 cells labeled with luciferase were pretreated with non-target or PSMB4 siRNA for 48 hours to inhibit the expression of PSMB4. In the experimental end point in the animal model, the decreased PSMB4 expression combined with TMZ treatment significantly reduced tumor growth, as compared with that in the siPSMB4, TMZ and vehicle control groups (Fig. 7A-B) . The siPSMB4 and TMZ treatment groups partially restricted tumor growth. In addition, body weight in the siPSMB4 alone and siPSMB4-TMZ combination groups was higher than that in the TMZ group (Fig. 7C) . HE and IHC staining revealed that siPSMB4 and TMZ combination treatment inhibited Ki-67 expression, tumor growth, and the expression of phosphorylated FAK and MMP9 in the tumors (Fig. 7D) . Thus, the siPSMB4 and TMZ combination treatment inhibited the progression and growth of glioblastoma cells in vivo.
Discussion
Over the past decade, various proteasome subunits have been found to be closely related with ovarian and skin cancer progression [8, 16, 17] . Through genomics-based RNAi screens, it has been observed that 40% of enriched genes are components of the proteasome in breast and ovarian cancers [12] . Inhibition of proteasome activity has gradually become a promising strategy in cancer treatment [18, 19] . PSMB4 was identified as a potential oncogene in human cancers and shows significant upregulation in breast, lung, ovarian and skin tumors [8, 10, 12] . In myeloma and ovarian cancer, downregulated PSMB4 expression results in decreased cell proliferation and NF-κB activity [8, 10] . PSMB4 has also been proven to regulate the expression of NF-κB-mediated cell proliferation proteins, such as cyclin D1 and cyclin E in ovarian cancer [8, 10] . In NIH/3T3 cells, the expression of PSMB4 promotes both anchorage-independent growth and tumorigenesis [12] . Furthermore, the upregulated expression of PSMB4 is positively correlated with poorer recurrence-free survival in breast cancer, metastasis-free survival in prostate cancer and lower overall survival in ovarian and prostate cancer [11, 12] . In a recent study, PSMB4 has also been identified as a survival gene required for the proliferation of human glioblastoma cells [13] . However, there no previous studies have explored the effect and possible mechanism of PSMB4 on glioblastoma progression and invasion. To investigate the role of PSMB4 in glioma progression, we first examined the PSMB4 mRNA and protein expression in human glioma and normal brain tissues. Data from the GEO profiles indicated that, compared with low PSMB4 mRNA expression, high PSMB4 mRNA and protein expression predicts poor survival outcome. This study revealed that PSMB4 may serve as a marker of pathological grade and survival outcome.
The activation of MMP2 and MMP9 increases cancer cell invasion, proliferation and angiogenesis in human glioblastomas [20, 21] . The composition with the correct assembly of the proteasome is critical to proteasome activity [22] . Several studies have indicated Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry that a lack of PSMB4 disrupts the formation of the 20S proteasome, thus decreasing in proteasome activity, although PSMB4 does not have intrinsic hydrolytic activity [12, 22, 23] . Inhibition of proteasome activity also downregulates the expression of MMP2 and MMP9 in human non-small cell lung cancer [24, 25] . In addition, recent studies have shown that MMP2 and MMP9 activation is also affected by cathepsin B [26, 27] . Increased cathepsin B expression is positively related to the migration and invasion ability of human glioblastoma [28] . Decreasing the expression of cathepsin B in human breast and lung cancer cells inhibits tumor metastasis and angiogenesis [29, 30] . In the present study, the expression levels of MMP2, MMP9 and cathepsin B were decreased after PSMB4 knockdown in LN229 human glioblastoma cells. The downregulated PSMB4 might decrease the expression of MMP2, MMP9 and cathepsin B through deactivating the proteasome cascades. Integrin β3 is critical for cathepsin B-induced cancer progression in hepatocellular carcinoma [31] . Additionally, decreasing integrin β3 expression prevents cathepsin B-induced activation of PI3K/Akt in HCC [31] . In the glioma cell line LN229, the expression levels of integrin β1 and β3 were decreased after reducing the PSMB4 expression. However, the underlying mechanisms among integrins, cathepsin B and PSMB4 are still unclear. The clustering of integrins also activates FAK and paxillin [32, 33] . The phosphorylation of FAK and paxillin catalyzes a cascade of kinases, including Rac, ERK and PI3K, which further enhance proliferation, cytoskeleton assembly and cell invasion [34, 35] . In our studies, reducing PSMB4 also inhibited the activation of FAK and paxillin. Therefore, on the basis of these findings, the increased expression of PSMB4 in glioma cells might facilitate GBM progression and invasion through activating the cathepsin B and integrin/FAK/paxillin pathways.
TMZ, the first-line chemotherapeutic drug for GBM treatment, causes cancer cell death by inducing DNA double strand breaks [36, 37] , but the human glioblastoma cell line LN229 has a high degree of resistance to TMZ [38, 39] . In the orthotopic xenograft mouse model, compared with the TMZ and siPSMB4 groups, the combination of TMZ-siPSMB4 group inhibited the progression of GBM tumors. These results indicated that PSMB4 inhibition in combination with TMZ might serve as an effective anti-tumor agent to target TMZ-resistant cells. In summary, our results provide evidence that the decreased PSMB4 expression inhibited the progression of LN229 glioma cells both in vivo and in vitro. Additionally, through deactivating cathepsin B, MMP2/9, integrin β1/β3, FAK and paxillin, PSMB4 deficiency would further decrease the invasion of GBM cells, thus suggesting that targeting PSMB4 may be applied as an alternative therapeutic option to improve the efficacy of GBM treatment.
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